Atomic-scale thickness, molecular impermeability, low atomic number, and mechanical strength make graphene an ideal electron-transparent membrane for material characterization in liquids and gases with scanning electron microscopy and spectroscopy. Here, we present a novel sample platform made of an array of thousands of identical isolated graphene-capped micro-channels with 
Introduction
The development of in situ high throughput parallel screening of micro objects and processes in liquids with nanoscale spatial, high temporal and spectroscopic resolution is a current necessity in research related to materials genome, combinatorial chemistry, drug discovery and etc.
Microfabricated fluidic or enclosed liquid cells equipped with electron transparent membrane windows a few tens of nanometers thick enable modern high resolution transmission electron microscopy (TEM) in liquid media. [1] [2] [3] [4] Despite the continuing research and development efforts, [5] [6] [7] [8] [9] this highly successful approach has been difficult to apply to more accessible scanning electron microscopy (SEM), mainly due to the significantly larger electron scattering by the membrane at typical SEM beam energies of 1 keV to 30 keV. Attempts to overcome the attenuated signal and reduced spatial resolution by increasing beam current and/or energy usually result in undesirable beam-induced effects such as radiolysis and sample alteration.
In contrast to conventional membranes, the electron inelastic mean free paths in a free standing two-dimensional (2D) material such as graphene (Gr) exceed its thickness. 10 Therefore, a 3 membrane made of a 2D material is nearly transparent to electrons in a wide energy range, 11 eliminating the aforementioned limitations. The successful application of graphene liquid cells (Gr-cells) has recently been demonstrated for both SEM 12 and high resolution TEM (HRTEM) [13] [14] . An alternative implementation of graphene windows via isolation of the entire SEM column from the ambient with electron transparent membrane has also recently been reported. 15 Reliable and high-yield integration of chemical vapor deposited (CVD) graphene into the Gr-cell microfabrication process remains a challenging task. The major difficulty is a limited (yet very high) mechanical strength of the grain boundaries of CVD graphene. Having a breaking strength on the order of 90 GPa, suspended single layer CVD graphene is capable of sustaining a pressure differential in excess of 10 5 Pa, provided its lateral dimensions do not exceed a few micrometers. 16 Therefore, the early Gr-cell designs were single aperture devices with a field of view (FOV) of only a few micrometers. The recent demonstration of common-chamber multiorifice Gr-cells was a significant step forward in atmospheric pressure electron spectroscopy; [17] [18] however, the probability of a catastrophic liquid release into a high vacuum (HV) chamber due to an accidental (or beam induced) graphene rupture increases proportionally with the number of orifices. Therefore, this approach is currently used in combination with sophisticated interlocks and differential pumping stages.
In this report we describe a new liquid cell platform made from an ordered densely packed array of thousands of identical isolated microchannels capped with Gr. These high-aspect-ratio microchambers are filled with a few picoliters of liquid, thus an accidental rupture of even a large number of cells would not affect the high-vacuum environment of the SEM. The measured lifetime of a water sample in the array exceeds several hours, enabling sufficient time to perform routine SEM studies. The simultaneous presence of multiple channels filled with either liquid or vapor, or 4 empty channels, in the same FOV also makes it possible to study the SEM contrast mechanisms.
We demonstrate the possibility of performing X-ray energy dispersive spectroscopy (EDS) and
Auger electron spectroscopy (AES) of liquid and immersed samples, along with the corresponding chemical mapping. Using a model electrochemical reaction, we observe the early stages of Cu electroplating on the Gr surface in real time. We envision that a microchannel array (MCA) such as described here will be employed as a platform for high yield combinatorial in operando SEM studies of liquid-gas-solid interfaces relevant to electrochemical or biomedical applications.
Results and discussion
The fabrication details of Gr capped MCA ( Figure 1 ) are described in the Methods section.
To perform electrochemical, electrophoretic or electrical measurements, the top (Au) and the bottom (Pt) electrodes were deposited onto a micro-channeled silica glass surface using sputtering and atomic layer deposition (ALD), respectively ( Figure 1a) . A Gr bilayer was transferred onto the Au electrode using poly(methyl methacrylate) (PMMA) as a sacrificial layer. The high aspect ratio (1:80) microchannels were filled with a liquid sample via sequential substitution of acetone first with isopropyl alcohol and finally with a solution of interest. (Figure   1b ). Depending on the application, the backside of the Gr-cell was sealed with either a water immiscible conductive GaInSn eutectic alloy or an ultraviolet (UV)-curable epoxy. The resultant 6 cell contains thousands of identical vacuum-tight microchannels filled with a liquid of interest ( Figure 1d ).
Characterization of liquid MCA samples using SEM
To explore the behavior of our new system, we first study SEM image contrast in a water filled MCA sample. The MCA platform enables studying the channel content comparatively and quantitatively due to the simultaneous SEM imaging and analysis of cells with different filling status while being probed under the same imaging conditions. 
Lifetime of liquid samples in vacuum conditions
The lifetime of a liquid sample in an MCA under vacuum conditions is one of the crucial experimental parameters defining the overall time allowed for imaging and analysis. It depends on the water leakage rate through intrinsic defects in a graphene membrane and/or through diffusion runaway along the Gr-MCA interface. The as-grown graphene quality, 16, [23] [24] the interface preparation, and the graphene transfer process can significantly affect both the intrinsic porosity (the areal ratio of holes to a Gr window) of the resultant membrane and the interfacial leakage. 16 We used bilayer graphene to reduce the inherent CVD graphene permeability. [24] [25] We assume that the backside of the MCA sample is vacuum tight sealed with an adhesive and the MCA matrix is also water impermeable. As it will be shown below and in the supporting file, the lifetime of the liquid sample inside the MCA is predominantly controlled by the density of native defects, tears and wrinkles in the covering graphene.
Since the MCA is comprised of identical channels, the lifetime of the liquid sample can be evaluated via measuring the filling factor (the ratio of filled channels to their total number in a 
Spectroscopy
In addition to imaging, transparency of the graphene membranes to electrons and photons enables chemical analysis and elemental mapping of liquids and immersed micro-objects under the ambient pressure conditions. Below we discuss the application of two of the most commonly used electron spectroscopies integrated with SEM -energy-dispersive X-ray spectroscopy (EDS)
and Auger electron spectroscopy (AES) -in liquids. Generally, the inelastic mean free paths for outgoing electrons is orders of magnitude smaller than the penetration depth for similar energy Xray photons, making the AES probing depth TW on the order of 1 nm to 2 nm while an EDS signal can be recorded from hundreds of nanometers deep into the water. Therefore, these "electron inelectron out" and "electron in-photon out" spectroscopies ( Figure 3a) are not equivalent but rather complementary to each other.
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EDS analysis
Figure 3b depicts two EDS spectra acquired through the graphene membrane from the water filled (blue line) MCA channel and the same channel after liquid was dried (red line). The spectra contain the major O Kα peak at 0.53 keV showing the signature of liquid water below the graphene membrane and three minor peaks: C Kα, Au Mα andSi Kα originating from the graphene and surface/walls of the MCA matrix. One can notice that despite the attenuation of outgoing Xrays by water, the scattering of primary electrons in water enhances C Kα, Au Mα and the Si Kα emission in the wafer filled channels compared with the empty ones. This is due to geometry of the sample and EDS setup, where 15 keV beam penetrates microns deep into the empty channel before it hits the walls. The generated X-rays have no direct line of sight to the detector and become strongly attenuated by MCA matrix. Figure 3c shows the corresponding SEM images and elemental maps obtained through the graphene membrane. The channels filled with water exhibit a more prominent O Kα intensity compared with the empty (or vapor filled) channels, which marked with white circles in Figure 3c . EDS is not sufficiently sensitive to distinguish between empty and vapor filled channels. Note, that the contribution of the graphene membrane to the total EDS signal is negligible, making the developed MCA platform an excellent candidate for analysis of samples immersed in gaseous and liquid environments.
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AES analysis
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Unlike EDS spectro-microscopy, which can probe water immersed objects hundreds nanometers deep 27 , AES is a surface sensitive technique due to strong attenuation of the 100 eV-1000 eV
Auger electrons in the condensed matter. Therefore, scanning AES was used exclusively to study solid surfaces under high or ultra-high vacuum conditions 28 .
In this work we demonstrate that ultrathin membranes can be used to extend the standard laboratory based scanning AES metrology to the realm of liquid interfaces and immersed objects. Figure 3d shows a normal Auger electron spectrum recorded in an individual water-filled MCA channel through a bilayer graphene cap. For comparison, off-resonance AES of a water jet excited with synchrotron soft x-rays is shown in gray color. 26 The overall shape of the recorded AES spectra, arising from the superposition of multiple K-VV type Auger decays, correlates well with the synchrotron results. In this case, a water oxygen K core hole is filled with electrons from a few available valence levels (V) with the corresponding Auger electron emission from the same moiety of the valence levels (V). The broadening and the energy shifts of the liquid water AES bands originate from the combination of the polarization screening and delocalization effects occurring due to numerous intermolecular decay channels available in liquid water. [29] [30] The elevated noise level in our scanning AES stems from the short acquisition time, which was chosen to mitigate strong radiolysis of water. Figure 3e shows two differential AES spectra collected from water-filled and empty channels. Both spectra have identical CKLL peaks associated with the graphene membranes but only the spectrum collected from the liquid-containing channel exhibits a prominent OKLL component, confirming the presence of water. We use the experimental AES intensity ratio, 
Application examples
In addition to unique electron and X-ray imaging and spectroscopy capabilities, the graphene-capped MCA liquid sample platform has yet another advantages allowing both: (i) high magnification stereomicroscopy in individual liquid channels and (ii) simultaneous monitoring of thousands of independent microchambers in real time when set for a large FOV. The platform, therefore, combines the advantages of high resolution SEM studies of local phenomena in liquids with the advantages of powerful image processing, pattern recognition, and data mining algorithms when applied to large FOV. 32 Below, we describe few examples of what can be routinely performed with this setup. It may arise in our system due to the presence of small amounts of contaminants in the electrolyte and also have some contribution from dissolved oxygen reduction and hydrogen adsorption on the working electrode. Clearly, this peak corresponds to underpotential deposition of Cu nanoparticles since it is followed by a main copper deposition peak (Figure 4a reported previously by multiple groups. [35] [36] [37] [38] [39] However, only one paper, to our knowledge, has reported a beam-induced synthesis of inorganic salt crystals: Na2S2O8 was decomposed under the beam into Na2SO4, and the latter precipitated due to its lower solubility in water. In our experiments, EDS mapping of the grown crystals clearly shows that they contain cesium and iodine, and not gold ( Figure 5 d) despite the fact that the gold coating slowly corrodes at the perimeter of the channels and Au 3+ ions must be present in solution (3I2+2Au→2AuI3, see below). Several inorganic salts (CsIOn, n = 2,3,4) can form as a reaction with water radiolysis products and CsI according to:
Electrochemical measurements
Or, overall:
The CsIOn iodates (which are also cubic, as are CsI and gold) are less soluble in water than CsI, and should readily precipitate, if formed. However, as follows from equation 3, their synthesis must be accompanied by release of large amount of molecular hydrogen. Simple estimates based on the crystal size (from Figure 5 a-c), hydrogen solubility in saturated CsI solution (Sechenov coefficients) and amount of released hydrogen show that large hydrogen bubbles must be formed during CsIOn growth -a phenomenon that is not observed. Thus, we conclude that the growing crystals must be made of pristine cesium iodide. The mechanism of their precipitation from solution must necessarily be different from the growth of noble metal crystals and Na2SO4
(electrochemical reduction of precursor) and colloidal particle aggregation (alteration of zeta potential that determines their stability in solution). CsI is a strong electrolyte that doesn't form colloidal solutions. It is also clear that its composition is not changed during crystallization. The yellow curve interrupts twice for periods when the beam was blanked. Interestingly, the crystal size neither increases, nor decreases during these periods.
Thus, the CsI precipitation from solution must be determined by the change in the activity coefficients of Cs + and I -ions due to alteration of the ionic strength of the solution by the water radiolysis products. The main steady-state water radiation products are hydrogen gas, hydrogen peroxide and protons. Hydrogen is a strong reduction agent (especially in statu nascendi molecular (H2) or atomic (H) states). It cannot significantly influence the solubility of CsI, as it can neither reduce this salt, nor change the solution ionic strength (not being an ion itself). Hydrogen peroxide is an oxidizer and, being a good solvent similar to water, it is unlikely it may decrease the solubility of CsI. On the contrary, solvated protons are ions that can significantly alter the ionic strength of the solution, and, through that, change the CsI solubility. Note, that low pH typically increases solubility of inorganic compounds (e.g. insoluble carbonates, sulfides, phosphates, hydroxides, etc.). Hence, the most plausible mechanism that can account for the crystal precipitation, growth and dissolution is the complex dynamics of local ionic strength of the solution mostly caused by solvated protons. Depending on the radiation dose, initial CsI concentration, and channel geometry (which limits diffusion), the radiation products shift the local chemical equilibrium favoring nucleation, growth or dissolution of the CsI crystals at different locations and times. Elucidation of the exact mechanism of this process would require solving a system of radiolysis reaction-22 diffusion equations under scanning beam excitation and specific geometry as well as extension of Debye-Huckel theory 43 to saturated CsI electrolyte. This, however, is outside the scope of the present paper. As a concluding remark, we note that the rate of CsI crystal growth is almost linear and depends on the beam energy and current (Figure 5e ). The crystals have a clear non-dendritic shape and stop growing when the electron beam is blanked (yellow curve, Figure 5e ). It is also noteworthy that the growing fronts of two adjacent crystals merge as they grow (Figure 5b-c) and
are not repelled due to precursor depletion as was observed for metallic particles before. Taken together, all these observations suggest a kinetic-limited, rather than diffusion-limited growth mechanism.
High throughput SEM imaging and data analysis
The Current approaches in liquid cell electron microscopy only allow measuring one sample at a time.
The presented MCA platform clearly resolves the high throughput sampling problem in data acquisition and analysis with high veracity. (Fig. 7b, 7d ), whereas the LiBr histogram (Fig. 7c) 
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Conclusions and outlook
In summary, we have developed and tested a novel sample platform for SEM experiments in liquids. The platform is based on a graphene-capped ordered array of microcapsules filled with liquid analyte(s 45 , photoelectron emission microscopy (PEEM) 32 , and low energy electron microscopy (LEEM) setups. We also successfully applied a variety of scanning probe microscopy techniques to the MCA liquid sample platform, which will be reported in forthcoming publications.
Methods
Sample preparation
Graphene was grown on a Cu foil using a high pressure modification of the commonly used CVD method. As-grown graphene was transferred onto one side of commercially available glass multichannel arrays using PMMA as a sacrificial layer (Figure 1 a) . 19 Briefly, a 200 nm PMMA film was spin-coated onto a graphene/Cu stack followed by etching copper in ammonium persulfate solution (APS) at 40 °C for 2 h. Then, the graphene monolayer was rinsed three times in deionized (DI) water and transferred onto another graphene/Cu foil. After annealing the sample on a hot plate for 2 h at 180 °C, etching in APS and rinsing in DI water were repeated again. A PMMA/bilayer graphene stack was transferred onto a MCA consisting of thousands of hollow straight channels with a diameter of 5 μm and 1:80 aspect ratio. Prior to graphene transfer, the MCA front surface was pre-coated with 200 nm/10 nm Au/Cr film serving as an adhesive layer for graphene and to minimize substrate charging during the SEM imaging. Then, the sample was annealed on the hot plate for 2 h at 180 °C again. For electrochemical measurements, the inner part of the channels at the backside of MCA was covered with 40 nm Pt layer using ALD ( Figure   1a and SI). After the transfer, the PMMA was dissolved in acetone bath at 70 °C. Then, the acetone was gradually substituted with the IPA solution at 80 °C and then with DI water (Figure 1b ). For studies involving electrolytes, a droplet of the electrolyte was drop-casted onto the backside of the MCA. After few minutes required for establishing concentration equilibrium, the excess of the droplet was removed with a filter paper and a UV curable adhesive or liquid metal such as galinstan was applied to seal the liquid containing MCA channels (Figure 1c ). The backside of the sample dedicated to combinatorial SEM imaging was pre-patterned with strips of a hydrophobic layer before the liquid filling. This prevented cross-contamination between the analytes during application.
SEM imaging
The sample was observed using a field emission scanning electron microscope. An EverhartThornley (E-T) detector sensitive to both SE and backscattered electrons (BSEs) was employed for SEM imaging. The SEM base pressure was ≈ 10 -4 Pa. The gray scale value of the SEM images was linearly proportional to the intensity of scattered and secondary electrons collected by the detector. For lifetime measurements, the SEM images were obtained at 5 keV and few tens pA primary electron beam. For EDS spectroscopy and mapping, the sample was probed by a 15 keV primary beam. In terms of Fig. 3a : θ=45˚, α=90˚ for EDS.
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AES analysis
The AES analysis was performed at room temperature in an ultra-high vacuum (UHV) chamber at a base pressure of ≈ 10 -7 Pa. The AES spectra were collected at 3 keV or 5 keV primary electron beam energies and 400 pA current followed by spectra averaging over 19.6 μm 2 area of MCA channels. In terms of Fig. 3a θ=85˚, α=65˚ . Radiolysis effects, such as hydrogen bubble formation, may strongly affect AES spectra collection. Only those filled channels which did not change their composition during AES acquisition were used for analysis. The peak-to-peak intensity was deduced from the differential spectra. To calculate the thicknesses of graphene and water layers, the attenuation formula 31 and corresponding set of parameters (see supporting information) were used.
Supporting information
Estimation of liquid water retention time in an MCA under vacuum conditions, liquid water contrast in SEM, AES analysis in water, graphene wrinkles at water diffusion channels, TEM graphene characterization, examples of the combinatorial SEM using graphene capped MCA platform, ALD parameters for Pt counter electrode deposition
